Stress and Host Immunity Amplify Mycobacterium tuberculosis Phenotypic Heterogeneity and Induce Nongrowing Metabolically Active Forms  by Manina, Giulia et al.
Cell Host & Microbe
ArticleStress and Host Immunity AmplifyMycobacterium
tuberculosis Phenotypic Heterogeneity and Induce
Nongrowing Metabolically Active Forms
Giulia Manina,1,* Neeraj Dhar,1 and John D. McKinney1
1School of Life Sciences, Swiss Federal Institute of Technology in Lausanne (EPFL), CH-1015 Lausanne, Switzerland
*Correspondence: giulia.manina@epfl.ch
http://dx.doi.org/10.1016/j.chom.2014.11.016SUMMARY
Nonreplicating and metabolically quiescent bacteria
are implicated in latent tuberculosis infections
and relapses following ‘‘sterilizing’’ chemotherapy.
However, evidence linking bacterial dormancy and
persistence in vivo is largely inconclusive. Here we
measure the single-cell dynamics ofMycobacterium
tuberculosis replication and ribosomal activity using
quantitative time-lapse microscopy and a reporter
of ribosomal RNA gene expression. Single-cell dy-
namics exhibit heterogeneity under standard growth
conditions, which is amplified by stressful conditions
such as nutrient limitation, stationary phase, intracel-
lular replication, and growth in mouse lungs. Addi-
tionally, the lungs of chronically infected mice harbor
a subpopulation of nongrowing but metabolically
active bacteria, which are absent in mice lacking
interferon-g, a cytokine essential for antituberculosis
immunity. These cryptic bacterial forms are promi-
nent in mice treated with the antituberculosis drug
isoniazid, suggesting a role in postchemotherapeutic
relapses. Thus, amplification of bacterial phenotypic
heterogeneity in response to host immunity and drug
pressuremay contribute to tuberculosis persistence.
INTRODUCTION
The conventional practice of treating clonal microbial popula-
tions as ensembles of identical individuals is biologically unreal-
istic, as nongenetic sources of phenotypic variation contribute to
marked cell-to-cell differences within isogenic populations
(Eldar and Elowitz, 2010). The conjunction of microfluidic tech-
nologies and quantitative real-time imaging of single cells has
provided insights into microbial physiology that could not be
gleaned from ensemble-averaged measurements (Rusconi
et al., 2014). Microbial pathogens may benefit from cell-to-cell
phenotypic variation to evade host immune responses and
endure antimicrobial assaults, permitting them to establish
diverse colonization states ranging from acute to chronic to
latent infections (Cohen et al., 2013; Stewart and Cookson,
2012). However, the role of microbial individuality in pathogen-
esis and the mechanisms that underlie adaptation of pathogens32 Cell Host & Microbe 17, 32–46, January 14, 2015 ª2015 Elsevier Ito the host environment have rarely been addressed using real-
time single-cell approaches (Diard et al., 2013; Campbell-Valois
et al., 2014; Claudi et al., 2014, Helaine et al., 2014).
Here we focus on single-cell phenotypic variation in the human
pathogen Mycobacterium tuberculosis. Tuberculosis (TB) pre-
sents a multifaceted clinical spectrum, ranging from acute pro-
gressive disease to a clinically unapparent (latent) state, which
is responsible for an estimated two billion asymptomatic carriers
(Rittershaus et al., 2013). A hallmark of this pathogen is its slow
growth rate (24 hr doubling time under optimal conditions), a
feature that may contribute to its ability to persist in the host
without manifesting clinical symptoms yet retaining the potential
to reactivate and disseminate (Barry et al., 2009). While reactiva-
tion of latent TB infection has been convincingly demonstrated,
the factors that contribute to it are not fully understood, although
immune suppression clearly plays some role (Gideon and Flynn,
2011; Obrego´n-Henao et al., 2012). In immune-competent mice,
TB infection exhibits a transition from an early acute phase,
characterized by exponential growth of bacteria in the lungs, to
a long-term chronic phase, where the rate of bacterial growth
slows markedly (Mun˜oz-Elı´as et al., 2005; Gill et al., 2009). The
metabolic and replication states of M. tuberculosis in these
different clinical manifestations are not clear, and conflicting
explanations have been proposed (Chao and Rubin, 2010).
Analyses of tuberculous tissues and in vivo imaging have
demonstrated the presence of discrete pulmonary lesions within
the same host that can progress differently, presumably due to
lesion-to-lesion variability at both the host and bacterial level
(Lin et al., 2014).
In this study we explore the phenotypic heterogeneity of
M. tuberculosis within increasingly complex environments,
ranging from microfluidic cultures (in vitro) to the lungs of in-
fected mice (in vivo). In actively growing cells, the majority of
the cell’s energy andmetabolic resources are devoted to protein
synthesis, and the average number of ribosomes per cell is
proportional to the growth rate at the population level (Gourse
et al., 1996; Klumpp and Hwa, 2014). Based on the observed
scaling relationship between the rates of growth and ribosome
production, we constructed a fluorescent reporter strain of
M. tuberculosis by inserting the gene encoding a destabilized
green fluorescent protein (GFPdes) at the ribosomal RNA (rRNA)
locus. We used microfluidic devices and time-lapse microscopy
to measure single-cell growth dynamics and rRNA-GFPdes
expression in bacteria grown under different conditions in vitro
and explanted from the lungs of infectedmice. This approach re-
vealed substantial heterogeneity of growth and gene expressionnc.
in bacteria growing under optimal conditions in vitro, which
is further enhanced by stressful conditions or by growth of bac-
teria in the host environment. These experiments also revealed
cryptic subpopulations of nongrowing but metabolically active
(NGMA) cells, which could represent a potential source of recur-
rent infection (Manina and McKinney, 2013).
RESULTS
rRNA-GFPdes Reporter Reflects Single-Cell Phenotypic
Variation
We measured single-cell rates of rRNA transcription in
M. tuberculosis by inserting the gene encoding a destabilized
variant of green fluorescent protein (GFPdes) into the chromo-
somal rrn locus between the transcription start sites and RNase
III processing site (Figure 1A, and see Figures S1A–S1D, Table
S1, and Supplemental Experimental Procedures online) (Ander-
sen et al., 1998; Gourse et al., 1996; Kempsell et al., 1992). As an
internal control, a plasmid expressing a stable red fluorescent
protein (DsRed2) from a constitutive promoter was inserted
into the chromosomal attB phage attachment site (Fig-
ure S1A and Table S1). These modifications did not cause any
discernable defects in the fitness of the reporter strain (Figures
S1E–S1G). In exponential-phase cultures, the half-life of radiola-
beled GFPdes protein was 5.6 ± 1.3 hr compared to the ‘‘infinite’’
half-life of radiolabeled wild-typeGFP (GFPwt), whose decaywas
due entirely to growth-related dilution (Figures 1B, 1C, and 1E).
In late stationary-phase cultures, where growth is arrested and
metabolic processes are slower, the half-life of GFPdes was
23.2 ± 2.2 hr (Figures 1D and 1E).
We used coupled growth assays to monitor growth and rRNA-
GFPdes fluorescence during two cycles of growth from early
exponential to late stationary phase (CGA1) and following reino-
culation into fresh medium (CGA2) (Figure 1F; see Supplemental
Experimental Procedures). We found that the number of 16S
rRNA transcripts correlated with the number of gfpdes transcripts
(Figures 1G and S1H), and GFPdes fluorescence intensity corre-
lated with 16S rRNA and gfpdes transcripts (Figures 1H and S1I).
Cell-to-cell variation in rRNA-GFPdes expression was measured
by flow cytometry and fluorescence microscopy (Figures 1I
and 1J). In CGA1, rRNA-GFPdes fluorescence in exponential
phase declined as the culture entered stationary phase, with a
subset of cells exhibiting increased fluorescence in late station-
ary phase (Figures 1I and 1K). In CGA2, resumption of growth
was associated with a corresponding increase in rRNA-GFPdes
fluorescence (Figures 1J and 1L). The rRNA-GFPwt control strain
did not exhibit these dynamic changes (Figures S1J and S1K).
The cell-to-cell coefficient of variation (CV) of rRNA-GFPdes
fluorescence was lower in exponential and recovery phases
and higher in stationary phase (Figures 1K and 1L). Mean
rRNA-GFPdes fluorescence was negatively correlated with CV
(Figure 1M), consistent with decreased fluorescence and cell
size in stationary phase (Figures 1K, 1L, and S1L), perhaps
reflecting the ‘‘finite number effect’’ (Kaern et al., 2005).
Dynamics of rRNA-GFPdes Expression and Inheritance
We used microfluidics and time-lapse microscopy to measure
the dynamics of growth and rRNA-GFPdes fluorescence over the
lifetime of single cells (Movie S1). In exponentially growing popu-Cell Hlations, theseparameters exhibitedmarkedvariationat thesingle-
cell level (Figures 2A and S2A). Consistent with a housekeeping
function, single-cell rRNA-GFPdes fluorescence was relatively
constant from birth to division. However, rRNA-GFPdes fluores-
cence varied between individual cells and, in many cells, fluctu-
ated without ever intersecting the population mean (Figure 2B).
Growth rates of individual cells were positively correlated with
rRNA-GFPdes fluorescence and negatively correlated with CV
(Figures 2C and 2D), even when measurements were normalized
to stable DsRed2 fluorescence (Figures S2B and S2C). These re-
sults confirmed that rRNA-GFPdes fluorescence is a robust but not
an absolute indicator of the growth state in single cells. While the
growth rate accounts for roughly 20% of the variation in rRNA-
GFPdes signal (r
2 = 0.2), the coexistence of cells growing at similar
rates but displaying differences in fluorescence suggests that
other physiological factors may contribute to this additional level
of rRNA-GFPdes variation (Klumpp and Hwa, 2014).
Asymmetric division of mycobacteria usually results in forma-
tion of an old-pole daughter cell that is larger than its new-pole
sibling (Figure 2E) (Kieser and Rubin, 2014). Although sibling
cells differed in size at birth, we found that their total rRNA-
GFPdes fluorescence was similar (Figure 2F). Consequently,
new-pole siblings tended to be brighter than their old-pole sib-
lings after normalizing total fluorescence to cell size, and their
growth rates (h1) were found to be higher (Figures 2G–2I).
Although smaller at birth, new-pole cells exhibited a greater
increase in cell size before next division compared to their old-
pole siblings, suggesting the operation of a size control mecha-
nism over the timing of cell division (Figure 2J).
We investigated the pattern of inheritance of rRNA-GFPdes
fluorescence by tracking the fluorescence intensity of individual
cell lineages overmultiple generations.We observed strong pos-
itive correlations between individual mother cells and daughter
cells at birth and division, which became progressively weaker
as the genealogical distances increased (Figures 2K, S2D,
and S2E). Interestingly, the correlation between progenitor cells
and their descendants was stronger at birth in the new-pole
lineage up to the second generation, whereas at division the
two lineages converged (Figure 2L).
Dynamic Response of rRNA-GFPdes Fluorescence to
Nutrient Starvation
We observed that single-cell rRNA-GFPdes fluorescence is more
heterogeneous in the lag and stationary phases of the growth cy-
cle and in slowly growing individuals during the exponential
phase (Figures 1K, 1L, and 2D).We explored the effect of nutrient
limitation on single-cell heterogeneity by comparing bacteria in
exponential phase to cells in extended (3 months) stationary
phase and to cells incubated in phosphate-buffered saline
(PBS) (Movie S1,Movie S2, and Supplemental Experimental Pro-
cedures). Through multiple rounds of division in rich medium
(7H9), exponential-phase cells exhibited relatively intense and
stable rRNA-GFPdes fluorescence. In contrast, stationary-phase
cells switched to fresh 7H9 medium displayed marked cell-to-
cell variation in rRNA-GFPdes fluorescence as well as long and
highly variable lag periods before outgrowth (Figures 3A, 3B,
3D, 3E, S3A, and S3B). Switching from 7H9 medium to PBS
caused a rapid decrease in rRNA-GFPdes fluorescence followed
by growth arrest, while switching from PBS to 7H9 resulted inost & Microbe 17, 32–46, January 14, 2015 ª2015 Elsevier Inc. 33
Figure 1. Single-Cell Ribosomal Activity in Coupled Growth Assays
(A) Schematic of single-cell reporter of ribosomal activity with gfp inserted between antitermination boxes (B, A) downstream of rRNA promoters (P1, P3) and
upstream of RNase III cleavage site (red cross).
(B–D) SDS-PAGE (upper panels) and autoradiograms (lower panels) of radiolabeled GFPwt (B) or GFPdes (C and D) from cell lysates. See also Supplemental
Experimental Procedures.
(E) Pulse-chase analysis of bacteria expressing rRNA-GFPwt (solid lines) or rRNA-GFPdes (dashed lines) in exponential phase (circles) or stationary phase
(squares). Green lines represent normalized fractions of radiolabeledGFP (dotted line, 50%). Black lines represent OD600 values of the cultures.Mean ± SD (n = 2).
(F) Growth of bacteria expressing rRNA-GFPdes during CGA1 (solid line) and CGA2 (dashed line). On day 21 of CGA1 (red arrow), cells were withdrawn, diluted,
and reinoculated in fresh medium to initiate CGA2 (asterisk). Mean ± SD (nR 2).
(G) Correlation between 16S rRNA transcripts and rrn-gfpdes transcripts from time points in CGA1 and CGA2.
(H) Correlation between 16S rRNA transcripts and GFP fluorescence from time points in CGA1 and CGA2.
(I and J) Flow cytometry (n = 30,000) and fluorescence microscopy of bacteria expressing rRNA-GFPdes from the indicated time points in CGA1 (I) and CGA2 (J).
Nonfluorescent bacteria (gray shading) were used to gate for background fluorescence (red lines). Representative images with green and red fluorescence
merged. Scale bar, 2 mm.
(legend continued on next page)
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recovery of rRNA-GFPdes fluorescence and division with variable
single-cell kinetics (Figures 3C, 3K, S3C, and S3E).
As shown in Figure 1, stationary-phase cultures contained
subpopulations of GFPdes-bright individuals and actively
degraded GFPdes. We asked whether all of the cells in stationary
phase or exclusively theGFPdes-positive subset were competent
to resume growth. By time-lapse microscopy, we found that only
14% of stationary-phase cells resumed growth when switched
to fresh 7H9 medium. Compared to exponential-phase cells,
the regrowing cells were on average larger, dimmer, and noisier
and exhibited slower growth rates (Figures 3F–3I). Stationary-
phase cells switched to fresh 7H9 medium showed an initial
decrease in rRNA-GFPdes and DsRed2 fluorescence, which
might reflect active degradation and photobleaching, before sta-
bilizing (Figures 3J and S3D). Interestingly, rRNA-GFPdes fluores-
cence correlated with the growth potential of individual cells, as
bright cells were on average more likely to resume growth than
dim cells (Figures 3L, 3M, S3F, and S3G).
Survival of Isoniazid-Stressed Cells Is Growth-Rate
Independent
A clinically important phenomenon that may be influenced by the
bacterial growth state is antibiotic tolerance or ‘‘persistence,’’
whereby a small fraction of cells survives prolonged exposure
to an antibiotic without acquiring genetic mutations that confer
resistance. A common interpretation is that ‘‘persisters’’ are
phenotypic variants that have temporarily adopted a slowly
growing or nongrowing state prior to drug exposure (Balaban
et al., 2013). We addressed this issue by single-cell tracking of
rRNA-GFPdes bacteria before, during, and after exposure to
isoniazid (INH), a frontline anti-TB drug (Figure 4A). INH was
delivered in intermittent pulses mimicking the pharmacokinetic
profile in humans (Nuermberger and Grosset 2004). As an
endpoint assay, cells were stained with Sytox blue (SB), which
preferentially stains damaged (permeabilized) cells. INH expo-
sure caused rapid growth arrest but did not immediately block
cell division, resulting in a reduction of cell size (Figures 4B,
4C, and S4A), similar to observations in M. smegmatis (Waka-
moto et al., 2013). The rate of cell lysis accelerated throughout
the period of INH exposure but plateaued and then declined after
INH withdrawal (Figure 4C). Overall, 32% of the cells underwent
cytolysis, 42% were permeabilized, and 26% remained physi-
cally intact. We observed a sustained decrease in single-cell
rRNA-GFPdes fluorescence during INH exposure; in contrast,
control DsRed2 fluorescence slowly increased, presumably
due to gradual accumulation of the stable protein in growth-
arrested cells (Figures 4D and S4B). The rate of rRNA-GFPdes
decay correlated with cellular integrity, inasmuch as slowly
decaying cells were more likely to be SB negative while rapidly
decaying cells were more likely to be SB positive (Figure 4E).
Interestingly, new-pole cells lysed to a greater extent and with
faster kinetics than old-pole cells (Figure 4F).
Three classes of intact cells were distinguishable after
INH withdrawal: survivors that recovered rRNA-GFPdes fluores-(K and L) Fluorescence of individual cells expressing rRNA-GFPdes from time poi
point). Letters indicate significance groups according to ANOVA followed by Tuk
(M) Correlation between single-cell rRNA-GFPdes mean fluorescence and CV of
See also Figure S1.
Cell Hcence and resumed growth and division (0.3%) (Movie S3),
nongrowing but metabolically active (NGMA) cells that pro-
duced multiple bursts of rRNA-GFPdes fluorescence (2.1%),
and nongrowing cells that did not show fluctuations in rRNA-
GFPdes fluorescence (23.6%) (Figures 4G and 4I–4M). Time
traces of individual cells revealed no exclusive correlations
between single-cell fates under INH exposure and their growth
rates prior to INH exposure, inasmuch as the surviving and non-
surviving fractions comprised both growing and nongrowing
cells (Figures 4G and 4H). Although nongrowing cells were over-
represented among the survivors, they comprised only a small
fraction (4%) of the total population; consequently, the majority
of the survivors originated from growing cells, similar to recent
observations in Salmonella (Claudi et al., 2014). Changes in
single-cell rRNA-GFPdes fluorescence reflected not only the
antimicrobial activity of INH (Figure 4D) but also the sustained
activity of surviving cells and NGMA cells (Figures 4N, 4O,
S4C, and S4D).
Enhanced Phenotypic Heterogeneity of Intracellular
Bacteria
In themacrophagemodel of infection, the number of intracellular
bacteria increased during the first 3 days postinfection and then
stabilized (Figures 5A and 5C, Movie S4, and Supplemental
Experimental Procedures). We observed a decrease of single-
cell rRNA-GFPdes fluorescence shortly after infection, followed
by a gradual increase and then amoderate decrease (Figure 5D).
These kinetics may reflect a dynamic equilibrium between cell
proliferation and cell death at later stages of infection that is
not obvious from bulk measurements (Figure 5C). Intracellular
bacilli showed increased cell-to-cell phenotypic variation
compared to bacteria grown in vitro, as well as marked variation
not only between infected host cells but also within individual
host cells (Figures 5D and 5E), suggestive of phagosomal vari-
ability (Podinovskaia et al., 2013). Similar to observations
in vitro (Figure 4D), when infected macrophages were treated
with INH the rRNA-GFPdes fluorescence of individual cells
decreased rapidly (Figures 5B and 5F), whereas DsRed2 control
fluorescence increased (Figure 5G).
Host Immunity Enhances Bacterial Phenotypic
Heterogeneity
The replication dynamics and metabolic activity of
M. tuberculosis at different stages of infection has been a subject
of long-standing debate. We assessed the impact of host immu-
nity on bacterial physiology by aerosol-infecting C57BL/6 (WT)
and immune-deficient (IFN-g/) strains of mice and measuring
the bacterial load and single-cell rRNA-GFPdes fluorescence at
different stages of infection (Supplemental Experimental Proce-
dures).M. tuberculosis infection in WT mice comprises an acute
phase, when the number of bacteria in the lungs increases
exponentially, followed by a chronic phase, when the number
of bacteria remains relatively stable over time (Figure 6A). In
mice lacking IFN-g, a key regulatory cytokine in anti-TB immunitynts in CGA1 (K) and CGA2 (L). Red lines indicate mean ± SD (n = 100 per time
ey’s test: F (4, 517) = 135.8, p < 0.0001 (K); F (4, 504) = 43.5, p < 0.0001 (L).
fluorescence from time points in CGA1 and CGA2 (n = 100 per time point).
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Figure 2. Single-Cell Analysis of Growth and rRNA-GFPdes Fluorescence
(A) Distribution of growth rates of individual cells averaged over the lifetime of the cell (n = 256). Solid red line indicates fitting of the data with a Gaussian function
(R2 = 0.98). Dashed red line indicates population mean.
(B) Single-cell time traces of rRNA-GFPdes fluorescence expressed as percent of generation time (n = 150). Population average (solid black line) and two
representative outliers (dashed black lines) are indicated.
(C and D) Pearson’s correlation of single-cell growth rate with fluorescence (C) or CV of fluorescence (D) averaged over the lifetime of the cell (n = 150) for bacteria
expressing unstable rRNA-GFPdes (upper panels) or stable DsRed2 (lower panels).
(E–G) Cell size (E), total rRNA-GFPdes fluorescence (F), and normalized rRNA-GFPdes fluorescence (G) of old- and new-pole siblings at birth and division (n = 203).
Red lines indicate mean ± SD.
(H and I) Comparison of fluorescence (H) and growth rates (I) of old- and new-pole siblings averaged over the lifetime of the cell (n = 110). Red lines indicate
mean ± SD.
(J) Distributions of the difference between the increase in cell size (mm2) exhibited by the new-pole daughter (DAreaNew) and the old-pole daughter (DAreaOld) over
the lifetime of the cell. Gray bars indicate sibling pairs where the new-pole daughter was smaller than the old-pole daughter at birth. White bars indicate sibling
pairs where the new-pole daughter was larger than the old-pole daughter at birth.
(K) Correlation of rRNA-GFPdes fluorescence of mothers (n = 70) and their old-pole (black circles) and new-pole (white circles) daughters at birth and division.
(legend continued on next page)
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Figure 3. Single-Cell Analysis of Stationary-Phase and Carbon-Starved rRNA-GFPdes Bacteria
(A–C) Representative pedigree trees from single progenitors in exponential phase (A), recovered from stationary phase (B), or switched between 7H9medium and
PBS (C). Each branch represents one cell. Bifurcations indicate divisions. Color gradient represents rRNA-GFPdes fluorescence intensity. See also Supplemental
Experimental Procedures.
(D–M) Red lines indicate mean ± SD.
(D and E) Single-cell rRNA-GFPdes fluorescence (D) and lag phase (E) of exponential- and stationary-phase cells (n = 100).
(F–I) Comparison of cell size (F), mean fluorescence (G), CV of fluorescence (H), and growth rate (I) of exponential-phase cells and the first generation (G1)
recovered from stationary-phase cells (n = 70).
(J and K) Single-cell rRNA-GFPdes fluorescence in cells recovered from stationary phase (J, n = 100) or cells switched between 7H9medium and PBS (K, n = 200).
(L and M) Comparison of rRNA-GFPdes fluorescence in stationary-phase cells (L, n = 210) or PBS-starved cells (M, n = 75) that did (+) or did not (–) resume growth
after refeeding with 7H9 medium.
See also Figure S3.(Zhang et al., 2008), the bacterial burden continues to increase
exponentially, resulting in death (Figure 6A).
Compared to bacteria grown in vitro, bacteria explanted from
mouse lungs displayed significantly reduced rRNA-GFPdes fluo-(L) Correlation coefficient (Pearson’s r) of rRNA-GFPdes fluorescence of progenito
and new-pole (white circles) descendants at birth and division. Symbols indicate m
cell pairs. Dotted line indicates significance threshold.
See also Figure S2.
Cell Hrescence, which decreased further as the infection progressed
from acute (2 weeks) to chronic (4–16 weeks) (Figure 6B). At
late stages of infection (32 weeks) we observed a modest
increase in single-cell rRNA-GFPdes fluorescence, which mightrs (n = 20 at generation 1) and three generations of their old-pole (black circles)
ean ± SEM. Red line indicates average correlation between randomly selected
ost & Microbe 17, 32–46, January 14, 2015 ª2015 Elsevier Inc. 37
(legend on next page)
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reflect enhanced metabolic activity due to onset of host
immunosenescence (Nikolich-Zugich, 2008). Although bacteria
explanted from IFN-g/mice were larger and dimmer than bac-
teria grown in vitro, they were smaller and brighter and less het-
erogeneous than bacteria explanted from WT mice at matched
time points, reflecting their more active metabolism and division
(Figure 6B). Treatment of mice with INH during the chronic
phase of infection resulted in further reduction of single-cell
rRNA-GFPdes fluorescence (Figure 6C).
We assessed the growth potential of individual bacteria by
measuring their outgrowth after explant from mouse lungs into
a microfluidic device (Figures 6D and 6E, Movie S5, Movie S6,
and Experimental Procedures). Only a subset of bacteria were
able to resume growth after explant fromWTmice, and the frac-
tion of cells that regrew declined from 75% during the acute
phase to 5% during the chronic phase (Figure 6F). In sharp
contrast, virtually all bacteria resumed growth after explant
from IFN-g/ mice (Figure 6F), underscoring the role of host
immunity in killing, restraining growth, and enhancing pheno-
typic heterogeneity of bacteria within tissues (Mun˜oz-Elı´as
et al., 2005; Obrego´n-Henao et al., 2012). We also found that
single-cell rRNA-GFPdes fluorescence intensity correlated with
resumption of growth postexplant, indicating a link between
maintenance of ribosomal activity and viability during infection
(Figure 6G), consistent with our observations in starved cultures
in vitro (Figures 3L and 3M). The lag times for bacterial outgrowth
after explant from WT mice (60 hr) were similar to the lag times
for stationary-phase bacteria in vitro (40 hr), whereas the lag
times for outgrowth from IFN-g/ mice (8 hr) were similar to
the lag times for exponential-phase bacteria in vitro (6 hr) (Fig-
ures 6H and 3E). Bacteria explanted from acutely infected mice
grew faster than bacteria explanted from chronically infected
mice, again reflecting the impact of host immunity on bacterial
physiology and growth potential (Figure 6I).
Cryptic Subpopulations of NGMA Bacteria In Vitro and
In Vivo
We found that nutrient-starved bacteria and bacteria ex-
planted from the lungs of WT mice included subpopulationsFigure 4. Single-Cell Analysis of Isoniazid-Mediated Killing and Persis
(A) Schematic of time-lapse microscopy: 4 days’ growth in 7H9medium followed b
after INH washout.
(B) Number of intact cells (n = 1,909).
(C) Rates of cell division and lysis (mean ± SEM) (n = 1,944). See also Suppleme
(D) Single-cell rRNA-GFPdes fluorescence (n = 100). Red lines indicate mean ± SD
test: F (10, 1089) = 252.2, p < 0.0001.
(E) Rate of rRNA-GFPdes fluorescence decay in SB-negative and SB-positive ce
(F) Comparison of time from INH exposure to cell lysis between old- and new-po
(G) Fate of individual cells post-INH as a function of their pre-INH growth state.
SB-negative (survivors), or nongrowing SB-negative with (NGMA) or without (GF
(H) Comparison of pre-INH growth rates of cells that lysed and cells that survive
(I and J) Representative time-lapse image series of regrowing (I) and NGMA (J) ce
INH pulses (3.25 mg/ml; 130-fold MIC) are indicated. Scale bar, 5 mm.
(K and L) Time traces of four surviving cell lineages. Green and red lines indicate flu
corresponding cell size. Grey bars indicate INH pulses. See also Movie S3.
(M) Distribution of the times of maximal rRNA-GFPdes fluorescence in NGMA cel
(N and O) Single-cell size (N) and rRNA-GFPdes fluorescence (O) of 50 nongrow
SB-negative cells with nonfluctuating rRNA-GFPdes (GFP–), 30 nongrowing SB-po
next three generations (G1–G3), averaged over the lifetime of the cell. Black lines
followed by Tukey’s test: F (6, 123) = 12.2, p < 0.0001 (N); F (6, 122) = 31.5, p <
See also Figure S4.
Cell Hthat maintained high rRNA-GFPdes fluorescence yet did not
resume growth when transferred to permissive conditions (Fig-
ures 3 and 6). The question arises whether these cells are
dead or merely ‘‘dormant.’’ We evaluated the integrity and ri-
bosomal activity of nongrowing rRNA-GFPdes-bright cells us-
ing differential SB staining and fluorescence recovery after
photobleaching (FRAP) assays (Figure 7A and Experimental
Procedures). A substantial fraction (15%) of intact but
nongrowing cells in late stationary-phase cultures recovered
fluorescence after photobleaching (Figures 7C–7E and S5A).
This fraction might be an underestimate due to inactivation
of some cells by the photobleaching laser pulse. As expected,
permeabilized cells never recovered fluorescence after photo-
bleaching. As a control, we found that a larger fraction (75%)
of actively growing cells was FRAP positive (Figures 7B, 7D,
7E, and S5A).
We applied the same approach to rRNA-GFPdes-bright bacte-
ria explanted from the lungs of WT mice at different stages
of infection (Figure 7F). As expected, the majority of actively
growing cells (73%) recovered fluorescence after photo-
bleaching (Figures 7H, 7J, and S5B), whereas permeabilized
cells never did (Figures 7G and S5D). A substantial fraction
(15%) of cells was intact and FRAP positive, indicating de
novo expression of rRNA-GFPdes, whereas the FRAP-negative
fraction (85%) presumably comprises both dead cells and
intact but ribosomally inactive cells (Figures 7I, 7K, and S5C).
Similarly, bacteria explanted from INH-treated mice included a
subset of nongrowing rRNA-GFPdes-bright cells that recovered
rRNA-GFPdes fluorescence after photobleaching (Figures S5E–
S5H). These results provide direct evidence for the existence
of subpopulations of NGMA bacteria in immune-competent
mice before and after INH treatment.
DISCUSSION
The physiology of microbial cells is closely linked to the specific
growth rate, and several global cellular parameters, including the
number of ribosomes per cell, are known to be growth-rate
dependent (Klumpp and Hwa, 2014). Here, we use quantitativetence of rRNA-GFPdes Bacteria
y seven pulses of INH for 2 hr per day (gray bars) followed by 14 days’ recovery
ntal Experimental Procedures.
. Letters indicate significance groups according to ANOVA followed by Tukey’s
lls from day 4 to day 10 (n = 50).
le cells (n = 200).
Cells were classified as dead (lysed), nongrowing SB-positive (SB+), growing
P–) fluctuating rRNA-GFPdes fluorescence.
d and regrew after INH washout.
lls (arrows). Green and red fluorescence are merged. Numbers represent days.
orescence of the same bacterial cell followed over time. Black lines indicate the
ls after INH washout (n = 50).
ing SB-negative cells with fluctuating rRNA-GFPdes (NGMA), 30 nongrowing
sitive cells (SB+), and five SB-negative survivors (S) and their progeny over the
indicate mean ± SD. Letters indicate significance groups according to ANOVA
0.0001 (O).
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Figure 5. Time-Lapse Microscopy of Intracellular rRNA-GFPdes Bacteria
(A and B) Representative time-lapse image series (deconvolved z stacks) of RAWmacrophages infected with rRNA-GFPdes bacteria. Phase-contrast and red and
green fluorescence images are superimposed. Numbers indicate days. INH exposure is indicated. Scale bar, 10 mm. See also Movie S4.
(C) Bacterial colony-forming units (CFU) in infected RAW macrophages. Symbols indicate mean ± SD (n = 3).
(D) Single-cell rRNA-GFPdes fluorescence of bacteria grown in vitro compared to intracellular bacteria (100 < n < 200). Red lines indicate mean ± SD. Letters
indicate significance groups according to ANOVA followed by Tukey’s test: F (8, 1272) = 9.7, p < 0.0001.
(E) CV of rRNA-GFPdes fluorescence as a function of number of bacilli per infected macrophage (n = 100 macrophages), scored between 3 and 5 days
postinfection.
(F andG) Single-cell rRNA-GFPdes (F) or DsRed (G) fluorescence of intracellular bacteria (140 < n < 180) treatedwith INH (gray shading). Red or black lines indicate
mean ± SD. Letters indicate significance groups according to ANOVA followed by Tukey’s test: F (4, 794) = 32.6, p < 0.0001 (F) and F (4, 794) = 42.7, p < 0.0001 (G).time-lapse microscopy and a genetically encoded fluorescent
reporter (rRNA-GFPdes) to investigate the single-cell dynamics
of M. tuberculosis replication and rRNA expression in vitro and
in vivo (Figure S5I). These studies reveal an unexpectedly wide
range of phenotypic heterogeneity in bacteria grown under salu-40 Cell Host & Microbe 17, 32–46, January 14, 2015 ª2015 Elsevier Ibrious conditions in vitro and increased heterogeneity in bacteria
subjected to diverse stresses. For example, stationary-phase
populations exhibit a drop in rRNA-GFPdes expression followed
by the appearance of a subset of nonreplicating bacteria display-
ing high levels of fluorescence. These observations confirm thatnc.
Figure 6. Single-Cell Analysis of rRNA-GFPdes Bacteria Explanted from the Lungs of Infected Mice
(A) Bacterial CFU in mouse lungs (n = 4 mice per time point). Red arrow indicates INH treatment. Results are representative of at least two experiments.
(B) Single-cell rRNA-GFPdes fluorescence (upper panel) and cell size (lower panel) of bacteria grown in vitro or explanted from mouse lungs (n = 200). Red lines
indicate mean ± SD. Letters indicate significance groups according to ANOVA followed by Tukey’s test: F (7, 1552) = 139, p < 0.0001 (upper panel) and
F (7, 1552) = 48.4, p < 0.0001 (lower panel).
(C) Single-cell rRNA-GFPdes fluorescence (left panel) and cell size (right panel) of bacteria explanted at 22 weeks postinfection from untreated mice or mice
treated with INH for 2 weeks (n = 100). Red lines indicate mean ± SD.
(D and E) Representative time-lapse image series of bacteria explanted 2 weeks postinfection from lungs of WT (D) or IFN-g/ (E) mice. Green and red
fluorescence are merged. Numbers indicate days postexplant. Scale bar, 5 mm. See also Movie S5 and Movie S6.
(legend continued on next page)
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stationary-phase bacteria maintain a surprisingly high level of de
novo protein production, consistent with recent studies in other
bacteria (Rosenberg et al., 2012; Gefen et al., 2014; Fridman
et al., 2014).
Asymmetric cell division also contributes to phenotypic het-
erogeneity in mycobacteria (Aldridge et al., 2012; Joyce et al.,
2012; Santi et al., 2013; Singh et al., 2013; Kieser and Rubin,
2014). Despite the difference in birth sizes between new- and
old-pole siblings, we find that their total rRNA-GFPdes fluores-
cence is similar; consequently, new-pole cells, being smaller,
are also brighter due to their higher concentration of cytoplasmic
rRNA-GFPdes. We can envisage several possible explanations
for these observations: higher rate of rRNA-GFPdes production
in new-pole cells, higher rate of rRNA-GFPdes degradation in
old-pole cells, slower dilution of rRNA-GFPdes in new-pole cells
due to size-dependent growth (Santi et al., 2013), or preferential
partitioning of cytoplasmic contents such that unequally sized
daughters are born with equal amounts of cytoplasmic material
(Huh and Paulsson, 2011). Further studies will be required to
discriminate among these possibilities, for example, by directly
tracking the partitioning of rRNA molecules at division (Sanam-
rad et al., 2014).
Asymmetric division could also influence survival of single
cells under antibiotic stress, as suggested previously (Aldridge
et al., 2012; Kieser and Rubin, 2014). When we subjected
M. tuberculosis to high-dose INH pulses mimicking INH pharma-
cokinetics in humans, the rare survivors that regrew after INH
withdrawal comprised exclusively new-pole cells, whereas old-
pole cells paradoxically appeared to be more refractory than
new-pole cells to cytolysis. At present we cannot explain these
apparent discrepancies, nor is it clear which factors associated
with pole age might influence M. tuberculosis survival under
antibiotic pressure.
The link between single-cell growth rates and cell fate under
antibiotic stress is currently a subject of intense debate (Bala-
ban et al., 2013). An association between persistence and
adoption of a slowly growing or nongrowing state has been
identified in several species of Gram-negative and Gram-posi-
tive bacteria (Balaban et al., 2013; Claudi et al., 2014; Helaine
and Kugelberg, 2014; Maisonneuve and Gerdes, 2014). How-
ever, recent studies in INH-stressed M. smegmatis revealed
no correlation between single-cell growth rates and persistence
(Wakamoto et al., 2013), and the refractoriness of intracellular
mycobacteria to antibiotic therapy has been attributed to
induction of drug-efflux pumps in actively multiplying cells
(Adams et al., 2011). Here, we show that the rare survivors of
intermittent INH exposure in vitro include both actively growing
and nongrowing individuals, and the frequency of INH-
mediated killing is independent of growth rate at the single-
cell level. Although phenotypic heterogeneity may contribute
to M. tuberculosis drug tolerance in vitro, our observations indi-
cate that adoption of a slowly growing or nongrowing state is
not essential for persistence.(F) Fraction of bacteria explanted from the lungs of WT (gray bars) or IFN-g/ (w
(G) Single-cell rRNA-GFPdes fluorescence at time 0 postexplant for cells that did
Significance: NS, not significant, *p < 0.05, ***p < 0.001, ****p < 0.0001 by unpai
(H and I) Lag period before initiation of growth (H) and growth rate (I) of individual m
indicate significance groups according to ANOVA followed by Tukey’s test: F (6,
42 Cell Host & Microbe 17, 32–46, January 14, 2015 ª2015 Elsevier IPopulation-level studies suggest that M. tuberculosis repli-
cates exponentially during the acute phase of infection in mice,
prior to theonset of adaptive immunity, andcontinues to replicate
at a sharply reduced rate during chronic infection (Mun˜oz-Elı´as
et al., 2005; Gill et al., 2009). Our single-cell studies demonstrate
that bacterial ribosomal activity and replication slow down as
infection progresses from early to late stages under the influence
of host immunity. We also find that cell-to-cell variation in rRNA-
GFPdes fluorescence is markedly increased during infection,
consistent with recent results in Salmonella (Claudi et al., 2014).
This heterogeneity is further reflected in the extremely variable
and often protracted delays for outgrowth of individual bacteria
explanted from the lungs of chronically infected mice. These
results are reminiscent of recent studies in Escherichia coli
demonstrating lengthy and highly variable delays to outgrowth
of stationary-phase cells returned to growth-permissive condi-
tions in vitro (Fridman et al., 2014). The host immune response
plays a key role in generating much of this phenotypic diversity,
because cell-to-cell variation of both parameters (rRNA-GFPdes
fluorescence and delay to outgrowth) is sharply reduced in
bacteria explanted from IFN-g-deficient mice.
Host immunity could increase phenotypic heterogeneity by
stressing the bacteria or reducing their growth rates (Acar
et al., 2008; Rosenberg et al., 2012). In practice, it can be difficult
to distinguish between these influences because stress often
suppresses bacterial growth. Also, it is not clear whether stress-
ful conditions increase heterogeneity directly, by interfering with
homeostatic processes, or indirectly, by triggering adaptive
responses that enhance diversity in order to ensure that some
individuals will survive (Gomez-Mestre and Jovani, 2013).
Increased phenotypic heterogeneity of bacteria grown in vivo
may also reflect adaptive responses to the diverse microenvi-
ronments encountered within host tissues (Nielsen et al., 2010;
Kaiser et al., 2014). In future, it will be interesting to image live
bacteria in explanted lung tissue sections to ascertain whether
specific phenotypes correspond to specific microenvironments
within lesions (Barry et al., 2009).
Amajor advantage ofmicroscopy-based single-cell analysis is
that individual cells can be identified and tracked over time even
under conditions where they do not multiply. Consequently, we
were able to demonstrate that the majority of bacteria in the
lungs of chronically infected immune-competent mice do not
resume growth after explant into a microfluidic device, although
a substantial fraction of these cells are physically intact and
continue to express the rRNA locus de novo (Figure S5I). This
cryptic subpopulation of tissue-induced NGMA cells, which
has also been identified in Salmonella (Claudi et al., 2014;
Helaine et al., 2014), is prominent among bacteria explanted
from the lungs of INH-treated mice, and might contribute to
bacteriologic relapses after ‘‘sterilizing’’ chemotherapy (Manina
and McKinney, 2013). We speculate that NGMA bacteria might
be less damaging to the host than actively replicating bacteria
(Diard et al., 2013), while retaining some ability to sense the localhite bars) mice that resumed growth after explant (220 < n < 440).
(+) or did not (–) resume growth (14 < n < 50). Red lines indicate mean ± SD.
red t test.
icrocolonies explanted fromWT (9 < n < 40) or IFN-g/ (n = 40) mice. Letters
207) = 38.5, p < 0.0001 (H) and F (6, 208) = 10.4, p < 0.0001 (I).
nc.
(legend on next page)
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environment and reactivate growth in response to an appropriate
signal (Manina and McKinney, 2013; Helaine and Kugelberg,
2014).
Parallels have been drawn between TB and cancer based on
the role of nongenetic phenotypic heterogeneity in promoting
persistence and relapse during and after chemotherapy (Glick-
man and Sawyers, 2012). In both fields, emerging methods for
real-time single-cell analysis of metabolic activities and replica-
tion dynamics, as exemplified by this study, will play a critical
role in deciphering the origins and consequences of phenotypic
heterogeneity. These insights could, in turn, guide the develop-
ment of strategies to target and destroy the ‘‘nonaverage’’ cells
that are responsible for chemotherapeutic failures.
EXPERIMENTAL PROCEDURES
Reporter Strains
M. tuberculosis Erdman and its fluorescent derivatives were grown in Middle-
brook 7H9 medium (Difco) at 37C to mid-log phase (OD600 0.4–0.6) prior to
infection and time-lapse microscopy experiments, unless specified otherwise.
See also Supplemental Experimental Procedures.
Animal Experimentation
Female C57BL/6 (WT) and B6.129S7-Ifngtm1Ts (IFN-g/) mice (6–8 weeks
old) were housed and manipulated as mandated by the Swiss Office Ve´te´rin-
aire Fe´de´ral. Mice were infected by the aerosol route. At each time point
postinfection, four mice were euthanized by CO2 overdose, and lungs were
removed aseptically. The pooled tissues were homogenized in 4 ml of 7H9
medium. See also Supplemental Experimental Procedures.
Snapshot Microscopy
At each time point of the coupled growth assays and animal infections, bacte-
ria were analyzed by snapshot imaging using an Olympus IX81 microscope
with a 1003 oil-immersion objective at 37C. Lungs homogenates were
promptly used for imaging without further processing. Exposure time was
100 ms for phase-contrast and fluorescence images: FITC (Ex 492, Em 520)
and Cy3 (Ex 550, Em 570).
Time-Lapse Microscopy
Bacteria were pelleted at 2,400 g for 5 min, concentrated 10-fold in fresh 7H9
medium, and passed through a 5 mm filter to remove clumps, and 5 ml of the
clarified supernantant was inoculated into a custom-mademicrofluidic device,
as described (Wakamoto et al., 2013). Plastic tubes (0.76 mm ID) were con-
nected to the inlet and outlet ports of the microfluidic device. A 50 ml syringe
was connected to the inlet tube, and prewarmed (37C) medium was pumped
through the microfluidic device at 25 ml/min. Bacteria were imaged using a
1003 oil-immersion objective. Images were recorded at 1 hr intervals with a
personalDV system equipped with a CoolSnap camera (Applied Precision,
WA). Stationary-phase cells were used without prefiltering, and images were
recorded at 2 hr intervals. Homogenates of infected lungs were washed
once with two volumes of prewarmed 7H9 medium and resuspended in 1 mlFigure 7. Single-Cell Analysis of Nongrowing but Metabolically Active
(A) Schematic of FRAP experiments. Fluorescence recovery after photobleach
membrane integrity.
(B–D) Single-cell FRAP analysis of stationary-phase cultures. (B) Growing cells (n
lines indicate mean ± SD. NS, not significant; **p < 0.001, ***p < 0.0001. (D) Frac
negative (mean ± SD).
(E and F) Representative images of bacteria from late stationary-phase cultures (E
phase-contrast and green/red fluorescence prebleach. Middle columns: rRNA-
column: merged rRNA-GFPdes and SB fluorescence. Scale bar, 3 mm.
(G–I) Single-cell FRAP analysis of lung-explanted bacteria. (G) SB-positive cells fr
growing SB-negative cells (72 < n < 118). Red lines indicate mean ± SD. NS, not
(J and K) Fraction of cells showing recovery of rRNA-GFPdes fluorescence after p
See also Figure S5.
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recorded at 3 hr intervals. Exposure conditions were as follows: phase
100 ms; fluorescence channels 25 ms; GFP (Ex 475/28, Em 525/50), DsRed2
(575/25, 632/60). As an endpoint assay for bacteria grown in vitro, 0.1 mM SB
(Molecular Probes) was added to the flow medium for 12 hr, and images were
recorded on the blue fluorescence channel (50 ms, Ex 438/24, Em 475/24). In
each experiment, from 100 to 230 XY fields were imaged.
Time-Lapse Microscopy of Intracellular Bacteria
RAW 264.7 mouse leukemic monocyte macrophage cells were infected with
M. tuberculosis (moi 1:10) in a 35 mm m-Dish (Ibidi). After 4 hr of infection
macrophages were washed extensively with DMEM without phenol red, and
the microplate was fixed to the stage of the personalDV system. Air mixed
to 5% CO2 was supplied using the MCQ Gas Blender GB103. DMEM ±
0.75 mg/ml INHwas refreshed once a day. Infectedmacrophageswere imaged
using a 603 oil-immersion objective at 2 hr intervals, by z stack acquisition
(3 3 1.5 mm). In each experiment, from 60 to 100 XY fields were imaged.
Fluorescence Recovery after Photobleaching
FRAP assays were performed on single cells expressing rRNA-GFPdes. Three
images were recorded prebleach (Fs); then a 488 nm laser beam (50% power)
was focused on a 20–80 nm (Ø) cell area for 50ms, and then ten sequential im-
ages were recorded postbleach (Fb). Time-lapse imaging was then resumed
to assess fluorescence recovery of the bleached cell after 24 hr (Fr). A cell
was scored as ‘‘bleached’’ if (Fs – Fb) % (Fs / 2) or ‘‘recovered’’ if (Fr – Fb) R
(Fb d 2). As an endpoint assay, 0.6 mM SB (Molecular Probes) was added to
the flow medium for another 20 hr before images were recorded on the blue
fluorescence channel (100 ms, Ex 438/24, Em 475/24).
Image Analysis
Manual segmentation and analysis of snapshots and image stacks were per-
formed using ImageJ 1.47q software. A polygon was drawn around the cell
perimeter and the cell planar area (mm2), and total fluorescence (sum of pixel
intensities within the polygon) wasmeasured. Single-cell fluorescencewas ex-
pressed as total fluorescence normalized to cell area. Background fluores-
cence was subtracted from each measurement. Single-cell growth rate was
calculated by fitting an exponential curve to sequential size measurements
over the lifetime of the cell (Santi et al., 2013). Division and lysis rates (Figure 4)
were calculated from the number of cells constituting a microcolony, as
described (Wakamoto et al., 2013). See also Supplemental Experimental
Procedures.
Statistics
Statistical tests were done with Prism 6.0c (GraphPad Software). Pearson’s r
correlation coefficient was computed on (x, y) data sets. Paired t test was used
to compare siblings and in FRAP experiments (Figures 2, 7, and SI5). One-way
ANOVA and then Tukey’s multiple comparison tests were conducted to
compare multiple groups within a data set; significance groups, indicated by
letters in the figures, comprise clusters of groups that are not significantly
different from each other (Figures 1, 4–6, S1, and S4). In all other cases
unpaired t test with Welch’s correction was applied. p values < 0.05 were
considered significant. D’Agostino-Pearson normality test was used to eval-
uate Gaussian fits.rRNA-GFPdes Bacteria
ing was followed for 24 hr, and then cells were stained with SB to evaluate
= 95). (C) Nongrowing SB-negative (n = 76) and SB-positive (n = 45) cells. Red
tion of growing (+) and nongrowing (–) cells scored as FRAP positive and SB
) or from lung homogenates at 2 weeks postinfection (F). First column: merged
GFPdes fluorescence pre- and postbleach and after 24 hr of recovery. Last
om all time points (n = 46). (H) Growing SB-negative cells (13 < n < 94). (I) Non-
significant, *p < 0.05, **p < 0.005 and ***p < 0.0001.
hotobleaching (mean ± SEM), related to (H) and (I).
nc.
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